, whose function is unknown. Because of the abundance of this enzyme in chloroplasts, investigators have suggested that it composes the crystalline inclusions that are observed in chloroplast stroma. These microcrystals have been observed in micrographs of sectioned and freeze-etched chloroplasts of both spinach and tobacco (5-12). In some cases, these crystallites may be induced by chemical treatments but in other cases they are believed to exist in situ. Both the extent (up to 3 ,tm in one dimension) and number of these crystallites, and their lattice spacings (65-105 A) have led investigators to conclude that they are ribulosebisphosphate carboxylase. The dimensions of the enzyme are approximately 115 x 115 x 100 A (13). The function of the inclusions remains unknown; they may be stored protein.
(>10 A) the crystal structure is body centered belonging to space group I422 with oqe large/small pair in the asymmetric unit.
Thus, at low resolution the molecular symmetry is D4, the highest possible symmetriy for an oligomer of stoichiometry large8small8. Form III crystals may be identical to crystalline inclusions found in chloroplasts. In 1947, Wildman and Bonner (1) isolated a protein in large quantities from spinach leaves. Later it was realized that this protein comprises nearly 50% of the soluble protein of leaf extracts, and that it catalyzes the initial dark reaction of the photosynthetic Calvin cycle (2, 3) D-ribulose 1,5-bisphosphate + CO2 + H20 Mg2+ >* (2) 3-phospho-D-glycerate + 2H+.
Further work has established that this enzyme, ribulosebisphosphate carboxylase [3-phospho-D-glycerate carboxy-lyase (dimerizing), EC 4.1.1.391, is oligomeric, with eight copies of each of two types of subunits [L (large) -55,000 molecular weight; S (small) 15 ,000 molecular weight]. An octomer of the large subunit is capable of catalysis, with or without the presence of small subunits (4), whose function is unknown.
Because of the abundance of this enzyme in chloroplasts, investigators have suggested that it composes the crystalline inclusions that are observed in chloroplast stroma. These microcrystals have been observed in micrographs of sectioned and freeze-etched chloroplasts of both spinach and tobacco (5) (6) (7) (8) (9) (10) (11) (12) . In some cases, these crystallites may be induced by chemical treatments but in other cases they are believed to exist in situ. Both the extent (up to 3 ,tm in one dimension) and number of these crystallites, and their lattice spacings (65-105 A) have led investigators to conclude that they are ribulosebisphosphate carboxylase. The dimensions of the enzyme are approximately 115 x 115 x 100 A (13) . The function of the inclusions remains unknown; they may be stored protein.
We report here a-new crystal form (III) of the enzyme, which is more stable thann Forms I and II, and is suitable for structural studies of near atomic resolution. Form III crystals may be identical to the crystalline inclusions found in chloroplasts. (14) .
EXPERIMENTAL
Crystallization. Form I crystals of the enzyme are dissolved in 0.025 M Tris-HCl buffer at pH 7.4 containing 0.1 M NaCl and dialyzed overnight against 0.05 M K phosphate buffer at pH 7.2. The protein is diluted to 3.0-5.0 mg/ml in this buffer, and centrifuged. Then aliquots of 0.05 ml are introduced into glass capillaries (7 mm outer diameter, 2 mm inner diameter) which are sealed with dialysis membrane at one end, and are submerged in a reservoir of the precipitant solution. The precipitant solution is 0.2 M K phosphate with 0.1-0.75 M (NH4)2SO4, adjusted to pH 4.8-5.2.
Density Measurements. The wet density of 10 Form III crystals was measured by the density gradient technique of Low and Richards (15) . The gradient is made in a 25 ml graduated cylinder with xylene and bromobenzene (each of which is presaturated with mother liquor), and calibrated with 5-10Ml droplets of 0.5-4.0 M KBr solutions of known densities. Crystals settle to equilibrium positions in 60-90 sec.
RESULTS
Form III crystals 0.4 X 0.4 X 0.2 mm in extent ( Fig. 1) olution of our x-ray precession photographs (about 4.4 A), space group P42212 is favored, because reflections of the type hOO occur only for h = 2n.
The crystals diffract strongly to 3.6 A and the pattern extends at least to 2.7 A on 2-hr-still photographs (Fig. lc) . The average crystal lifetime in the x-ray beam is 20 hr.
Our arguments above that the unit cell must contain two molecules can be checked by measurements of the wet density of the crystals (p = 1.184 ± 0.007 g/cm3). The number of molecules (n) can be calculated from the relationship:
NpVXp
in which
is the weight fraction of protein in the crystal, and Mr is the (i) the preparation of specimens for electron microscopy (fixation, dehydration, infiltration of polymer, sectioning, staining, beam damage, etc.) may distort the lattice; (ii) the chloroplasts are usually sectioned at random. Therefore, the micrographs are random views of the crystal which may not be identical to views along rational directions (often there is only one evident spacing in the micrographs so it is not possible to determine the direction of view). Even in freeze-etched experiments, the replica of the cleaved plane may not lie exactly normal to the direction of view; and (iii) the reported crystalline inclusions may be of more than one type, depending on the conditions prevailing in any given experiment.
The report of inclusions in spinach chloroplasts by Larsson et al. (9) On the basis of their observation of equal molecular spacings (120 A) for square and hexagonal arrays in the inclusions, Willison and Davey concluded that a face centered cubic lattice is the only lattice possible for the inclusion. While it is true that the tetragonal lattice of Form III requires different spacings for these two views, Willison and Davey do not provide enough information about calibration of their magnifications and preservations of their hexagonal specimens for one to be confident that the Form III lattice is incompatible with the inclusions. This is especially true in that the tetragonal lattice of Form III accounts for the observed inequality of spacings in the square views of the sectioned and freeze-etched specimens, which the face centered cubic lattice cannot explain.
In short, the Form III structure accounts for many, but not all reported aspects of inclusion crystallites. The discrepancies may arise from artifacts of electron microscopy of the inclusions, or from the fact that the inclusion crystals resemble Form III but are actually distinct from it.
Packing in Form III. There are two possible packings of enzyme molecules in the unit cell, and one in favored marginally by our x-ray data. In space group P42212 with two carboxylase molecules per unit cell, the molecules must be centered at positions of 222 symmetry, at 0,0,0, and 1/2, 1/2, 1/2. This determines the positions of the molecules, but two orientations are possible, depending on which of the two molecular 2-fold axes is parallel to the unit cell edge. The two packings are shown in Fig. 3 , in which molecules are depicted by a model proposed in another paper (13) . The same two packings are possible in the low resolution space group 1422; the only difference is that in 1422, each molecule would contain a 4-fold axis of symmetry. Evidence favoring the packing of Fig. 3a and b over that of Fig. 3c and d can be found in the intensities of low order x-ray reflections. The distribution of intensities on the (h, k, h + k) zone (Fig. 4a ) is pseudohexagonal at low resolution. We would expect such a distribution only if the molecule itself has a pseudo-3-or 6-fold mass distribution at low resolution when projected along the 111 direction. A simple model (Fig. 4b) places the eight large subunits (about 80% of the total mass) in a cubic arrangement. This octomer appears pseudohexagonal when viewed in projection along the cube body diagonal. Note that this occurs only if the two layers of four large subunits are eclipsed or nearly eclipsed as in the "cubic" octomer. Notice also that the 400 reflection (Fig. 2a) is weak or absent, as are most h,0,0, reflections (other than 2,0,0; 12,0,0; and 14,0,0). This indicates that the mass distribution is nearly continuous for the projections of the unit cell contents on to the a or b crystal axes. Yet is can be seen by viewing Fig. 3c and d, at glancing angle, that this packing should result in a strong 4,0,0 reflection (provided that the gross features of the mass distribution of our model are correct). We conclude that the packing of Fig. 3a and b is somewhat more likely than that of arrangement should emerge from a low-resolution electron density map.
